This study aimed to investigate the effect of limited hydrolysis on conformational and antioxidant properties of soy protein isolate-maltodextrin (SPI-Md) conjugates. Extrinsic fluorescence analysis showed unfolding of the protein molecule and exposure of hydrophobic groups in SPI-Md conjugate hydrolysates. Free amino acid analysis showed that, the contents of hydrophobic amino acids in SPI-Md conjugates increased after hydrolysis. The contents of leucine, isoleucine, phenylalanine increased from 0.32, 0.30 and 0.54 to 1.36, 1.86 and 2.60, respectively, when the hydrolysis degree (DH) gradually increased from 0% to 5.7%. The FT-IR spectrum showed that C = O absorption of the amide group formed by glycosylation continued unabated after limited hydrolysis (DH 2.9%). The glycated SPI products showed good reducing power and superior resistance to lipid oxidation (34%, 12 mg mL −1 ), whereas the limit hydrolysates (DH 2.9%) of SPI-Md conjugates showed more efficient radical-scavenging capacity (89.5%, at 12 mg mL −1
Introduction
Vegetable proteins, especially soy protein, are relatively cheap, rich in nutrients, and have good health functions, making them realistic alternatives to animal proteins [1] (casein and whey protein) and synthetic polymers in some applications (as wall material for active component microencapsulation). [2] However, the compact globular structure of native soy protein vastly restricts its molecular flexibility and emulsifying capability compared with other animal proteins, such as casein and whey protein. [3] Highly sensitivity to food processing conditions, such as heating, pH, and ionic strength, also limits the application of native soy protein. [4] This put forward imperative requirements for improvement of soy protein functional properties to expand its application in food processing or developing novel foods with desirable functionalities.
Much efforts have been made for developing new food ingredients with improved functional properties, utilising various physical, chemical, and enzymatic methods. [5, 6] Protein-saccharide graft reactions are based on Maillard reactions between protein amino groups and saccharide reducingend carbonyl groups of saccharides. [7] It was proposed as an effective way for improving the functional properties of proteins without using chemicals. The Maillard reaction products (MRPs) were reported to have good antioxidant activities [8] and emulsifying properties due to their amphiphilic character. [9] Recently, the application of modified proteins in formulated food products increased because of their improved functional activities. [10] Many studies aimed to investigate the constituent of MRPs and how they work, however, the antioxidant mechanism and active ingredients remain poorly understood. [7] Controlled enzymatic hydrolysis was well accepted as a convenient and efficient method for improving the functional properties of proteins. Protein hydrolysates derived from different sources, such as milk, soy and rice exhibited good antioxidant activities and was considered to be a good source of antioxidant peptides for food and nutraceutical applications. [11, 12] It was inferred that the antioxidant activity of protein hydrolysates might be associated with their reduced molecular weight, amino acid composition, and hydrophobicity. [13] Some aromatic residues exposed after hydrolysis could act as antioxidants by donating proton to electron deficient radicals, such as tryptophan, tyrosine, and phenylalanine. [14] Therefore, controlled enzymatic hydrolysis was used to modify the Maillard Reaction products of soybean protein (SPI-Md conjugates), and expected to further improve their functionality. [6] Based on our previous research results, the oxidative stabilities (peroxide value and headspace propanal) of microcapsule particles prepared by combined modified soy protein isolate (SPI) products were apparently improved [15] , which obtained through combined modification of limited hydrolysis and Maillard Reaction. It was proved to be an effective method for preparing emulsifiers with favourable antioxidant activities through the combined modification of controlled enzymatic hydrolysis and protein-polysaccharide conjugation. [6] However, no information is available regarding the mechanism by which these combined modified SPI products execute their antioxidative effects. Besides, we are not very clear about the effect of enzymatic hydrolysis on the complex structure of SPI-Md conjugates formed by Maillard Reaction. Therefore, a further study is needed to help in understanding the mechanism of the antioxidant capacity and the structural changes of the combined modified SPI products in order to design better functional ingredients in the future.
Herein, the effects of limited enzymatic hydrolysis with varying DH on the antioxidative capacities and structural features of SPI-Md conjugates were assessed. The structure of hydrolyzed SPIMd conjugates was characterized by measuring extrinsic emission fluorescence spectra, infrared spectra as well as free amino acid analysis. Based on these findings, the relationship between structure modification and antioxidative capacity was discussed, and the validity of approach used to enhance the functional properties of SPI-Md conjugates was confirmed.
Materials and methods

Materials
The defatted soybean meal was purchased from Anyang Mantianxue Food Manufacturing Company (Henan, China). The maltodextrin (Md) (DE 8-10) was obtained from Baolingbao Biology Company (Shandong, China). Lecithin was obtained from East China Normal University Chemical Reagent Co., Ltd (Shanghai, China). The enzyme Neutrase (0.8 AU/g), an endo protease was produced by Bacillus subtilis, from Novozymes (Jiangsu, China). Other chemicals and solvents used were of analytical grade and obtained from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Preparation of soy protein isolate and SPI-Md conjugate and hydrolysates SPI was prepared using alkali-solution and acid-isolation extraction method described by Zhang et al. [6] The preparation of SPI-Md conjugate and its hydrolysates was according to the method of Zhang et al. [16] SPI was dissolved into distilled water (4%, w/v, protein) and adequately mixed with maltodextrin at the ratio of 2/1 (SPI/maltodextrin, w/w). After that, the mixed solution was kept at 80°C (pH 7.0) for 80 min, and the degree of glycosylation (DG) was 33%, determined by the modified o-phthaldialdehyde (OPA) method. [17] The SPI-Md conjugate hydrolysates were prepared in according to the pH-stat method. [18] The glycosylated solution was adjusted to 54°C, pH 7.0, and hydrolyzed by Neutrase (E/S = 0.5%, 2%, 4%, 5%, 6%) for 25 min. The degree of hydrolysis (DH) of the hydrolysates ultimately was 1.8%, 2.9%, 4.6%, 5.7%, 6.2%, respectively. After this reaction, the enzyme was inactivated by heating at 80°C for 10 min. As control, native SPI was also incubated at the same heating conditions (90 min at 80°C, pH 7.0).
Extrinsic emission fluorescence spectra
Extrinsic emission fluorescence spectra of the protein samples were determined according to the method of Zhuo et al. [19] with small modifications. And the measurements were performed using a Hitachi F-7000 fluorescence spectrophotometer (Hitachi, Ltd., Tokyo, Japan). In this method, ANS was used as a fluorescence probe. The ANS dispersions (8 mmol L −1 ) and protein solutions (1 mg mL −1 ) were prepared in 50 mmol L −1 phosphate buffer (pH 7.0), and then 20 μL of ANS dispersions and 4 mL of protein solutions was mixed together by shaking on a vortex mixer for about 5 s. Fluorescence intensity (FI) was measured at wavelengths of 390 nm (excitation) at 20 ± 0.5 •C and the ANS fluorescence emission was registered between 300 and 500 nm, with a constant slit width of 5 nm. All fluorescence experiments were performed in triplicate.
Measurement of infrared spectra
The protein samples were prepared using potassium bromide (KBr) pellet method. [20] Infrared spectra were measured with a Fourier transform infrared spectrophotometer (Nicolet iS10) (Thermo, USA) at 20°C. Full-wave scanning was collected with 32 scans in the 4000-400 cm
region. The measurement of each sample was carried out in triplicate.
Free amino acid analysis
Free amino acid content of SPI and its modified samples was determined according to the method reported by Eric et al. [21] An equivalent volume of trichloroacetic acid (TCA) was added to the sample to precipitate peptides and/or proteins. The supernatant was submitted to high-performance liquid chromatography (HPLC) analysis in Agilent 1100 (Agilent Technology, Palo Alto, CA, USA) assembly system using an ODS Hypersil C18 column (4.6 × 250 mm), running at 1.0 mL min
. The results acquired were analyzed with the aid of Chem Station for LC 3D software (Agilent Technology, Palo Alto, CA, USA). Results were expressed as percentage (%) of free amino acid of the measurement.
Determination of antioxidant capacity
We applied four models (DPPH radical scavenging activity, Fe 2+ Chelating activity, Inhibiting activity of lipid oxidation and Reducing power) for evaluation of antioxidant capacity.
DPPH radical scavenging activity was determined according to the method of Gu et al. [22] Fe 2+ Chelating activity of SPI-Md conjugates was determined by the method of Gu et al. [23] The reducing power of SPI and its modified samples were determined according to the method of Gu et al. [23] Inhibition of lipid peroxidation was determined according to the method described by Huang et al. [24] 
Statistical analysis
The experiments were carried out in triplicate, and values were reported as mean ± standard error (SD). All data were analyzed using analysis of variance (ANOVA), and the differences were evaluated by Duncan's multiple range test. Statistical analysis was performed assuming a significance level of p < 0.05. The correlation between the variables was performed by Pearson Correlation Coefficient.
Results and discussion
Extrinsic fluorescence emission spectroscopy
Fluorescence spectroscopy serves as a powerful sensing tool for the investigation of local environment of the fluorophore yielding structural information. [25] Extrinsic fluorescence probe such as excited state charge, proton and electron transfer molecules can be used to study conformational changes of protein structure with the variation of its solvent characteristics. [26] The external fluorescence spectra of SPI, SPI-Md conjugate, and SPI-Md conjugate hydrolysates are shown in Fig. 1 . The spectra showed an obvious decrease in fluorescence intensity after glycosylation of native SPI and Md, which demonstrated the change of the microenvironment around the fluorophore in protein solution. This phenomenon was probably due to the shielding effect of the polysaccharide chain, resulting in lower extent of interaction with quenching agents either in a solvent or in the protein itself. [27] However, it was noticed that fluorescence intensity of all hydrolyzed samples of SPIMd conjugates increased again after enzymatic hydrolysis at varying DH, except the hydrolyzed sample of DH 6.2%. Besides, there was a blue shift (392-390 nm) after the enzymatic hydrolysis. This might be due to the exposure of hydrophobic groups in the inner part of SPI after limited proteolysis, leading to the enhanced hydrophobicity of the microenvironment of ANS probe. [28] FT-IR spectroscopy FT-IR spectroscopy is a particularly useful technique for the study on protein-carbohydrate structure, because there are several readily identifiable regions of the mid-infrared spectrum where the chemical fingerprints of carbohydrates and proteins do not overlap significantly. [29, 30] As for the formation of the covalent bonds between food protein and reducing saccharide, the most distinctive spectral feature is the increase of the number of hydroxy. As shown in Fig. 2 , peaks located at 
3700~3200 cm
−1 became much wider and stronger, and the IR absorption peaks shifted to lower wave numbers due to the H-bonds which indicated the increase of the hydroxyl number. In the region of 1260~1000 cm
, a new peak appeared, representing the C-C, C-O, and C-H stretching vibrations of carbohydrates. [27] Furthermore, the absorption peak located at 1076 cm −1 was enhanced, which might be attributed to the introduction of butylated hydroxy groups and the bending vibration of -OH.
After enzymatic hydrolysis, the absorption peaks located at 3303 cm −1 became wider and shifted to a lower wave number, while the -OH stretching vibration showed no decrease in intensity. The absorption peaks found at 1655 cm −1 was related to the C = O stretching vibration in amide groups, indicating the presence of peptide bonds. The absorption located at 1152~1076 cm −1 was assigned to be the C-O-C glucosidic bond. As shown in Fig. 2 , both the O-H and C = O absorptions were enhanced after the glycosylation, and they were not reduced by further enzymatic hydrolysis. Considering these phenomena, it could be inferred that amide bonds, which were generated by glycosylation of the amino acid residues in native SPI and carbonyl groups in Md, had not been destroyed by enzymatic hydrolysis.
Amino acid analysis
During combined modification, soy protein may undergo two chemical changes: first, proteins crosslink with the maltodextrin to form high molecular weight SPI-Md conjugates; then, the conjugates were hydrolyzed into smaller fractions and amino acids. As shown in Table 1 , the amounts of the free amino acids showed a significant (p < 0.05) difference between the hydrolysates, SPI-Md conjugates, and SPI samples, indicating that the combined modification had some influence on free amino acids. The content of many amino acids represented by lysine and histidine decreased after the glycosylation between native SPI and maltodextrin, which might result from their participation in conjugate formation with the polysaccharides. [23] Afterwards, there was a further change in free amino acids. The content of the hydrophobic amino acids such as leucine, isoleucine, phenylalanine increased from 0.32, 0.30 and 0.54 to 1.36, 1.86 and 2.60, respectively, as the hydrolysis progresses, which might be because the peptide chain located within the globular molecule was destroyed and consequently released some of the hydrophobic amino acids. [13] Besides, this change was of great importance in improving the antioxidant capacities of the compound modified products. Research has shown that proteins and polypeptides containing hydrophobic amino acids or aromatic amino acids (Leu, Ile, Val, Phe) had stronger scavenging and chelating abilities. [31] Most hydrophobic amino acids were found in the middle of the peptide chain and were deeply embedded in the molecular structure of protein. From the above, it was suggested that the enzyme sites of Neutrase were located in the protein molecular structure [32] , which was conducive to unfolding of the protein tertiary structure during enzymatic hydrolysis.
DPPH radical-scavenging activity
DPPH free radicals show maximal absorbance at 517 nm in ethanol. When DPPH encounters with a proton-donating substance (H + ), the colour changes from purple to yellow, and the absorbance decreases, indicating the scavenging of DPPH radical. [33] As shown in Fig. 3 , all samples showed increased antioxidant activity with the increase of concentration. The DPPH radical scavenging activity of SPI-Md conjugates enhanced after hydrolysis (P < 0.05) Fig. 3 . According to the correlation analysis, there existed a weak yet positive relation between the DPPH radical scavenging activity and DH (Table 2) . This phenomenon was due to an increase in hydrophobic amino acids identified by free amino acid analysis, as discussed above. The most powerful DPPH radical scavenging activity was observed (89.5%, at the concentration of 12 mg mL −1 ), when the hydrolysis degree reached 2.9%. It was reported that polypeptides containing hydrophobic amino acids or aromatic amino acids (Leu, Ile, Val, Phe) has stronger scavenging and chelating abilities. [31] Increased hydrophobicity of proteins could help to chelate or store metal ions which are important prooxidants in food lipids. The DPPH scavenging process occurred via the donation of electron or hydrogen from the protein hydrolysates, which made the DPPH radical form a stable DPPH-H molecule, and terminated the oxidation. [33] Fe 2+ chelating ability
Transition metals are found in all foods since they are common constituents of raw food materials, water, ingredients, and packaging materials. [34] Transition metals such as Fe 2+ and Cu 2+ are wellknown stimuli of lipid peroxidation and their chelation helps to retard the peroxidation and thus prevent food rancidity. [35] We therefore assessed the chelating activity of native SPI and modified SPI samples against Fe 2+ , as shown in Fig. 4 . For all samples, the chelating activity was enhanced as the concentration increased. After the glycosylation of SPI and Md, an increasing trend was observed under the same concentrations. It was widely acknowledged that MRPs, especially melanoidins, could inhibit the occurrence of lipid peroxidation through chelating iron ion in the system. [36] A significant enhancement (p < 0.05) of the chelating activity was observed after the initial enzymatic hydrolysis of SPI-Md conjugates. However, the chelating activity decreased significantly (P < 0.05), when the DH exceeded 2.9%, which might be related to the change in molecular weight. And moderate negative correlation was significantly shown between the Fe 2+ chelating ability and DH ( Table 2 ). Research has shown that hydrolysates of high molecular weight possess much stronger Fe 2 + -chelating abilities. [35] Limited hydrolysis (DH, 2.1-5.4%) was proved to be sufficient to improve the amphiphilic properties of peanut protein isolate, via the cleavage of peptide bonds and unfolding of the compacted globular structure. [37] Therefore, in addition to the enhancement of interfacial properties, this combined modification method was also effective for improving the antioxidant activities of the SPI-Md conjugates.
Reducing power
The reducing power assay, the presence of reductants in the tested samples could inhibit or reduce the conversion of Fe 3+ /ferricyanide to the ferrous form (Fe 2+ ). The Fe 2+ can thus be monitored by measuring the formation of Prussian blue at 700 nm. [23] The reducing power of SPI-Md conjugate hydrolysates exhibited a mild increase with the increase of DH value (P < 0.05), compared to SPI, though lower than that of no-hydrolyzed SPI-Md conjugates (Fig. 5) . From the result of correlation analysis, the reducing power had low negative correlation with DH (Table 2 ). It was confirmed that the increased availability of hydrogen ions (protons and electrons) derived from the cleavage of protein chains could cause enhancement of the reducing power. [38] Inhibiting activity of lipid oxidation
For the SPI-Md conjugate, a remarkable increase of the inhibiting activity was observed after conjugation with maltodextrin (Fig. 6) . Transition metals such as Fe 2+ and Cu 2+ are well-known stimuli of lipid peroxidation, and their chelation helps to retard the peroxidation. Potentially, the protein conjugates could prevent oxidation in the lecithin system via greater iron-chelating potential. [22, 33] However, the inhibiting activity of SPI-Md conjugate hydrolysates decreased significantly (P < 0.05) as the DH increased (Fig. 6 ). Correlation analysis showed that the relationships were highly significant (P < 0.05) negative between DH and the inhibiting activity (Table 2) . Previous studies had demonstrated that higher molecular weight (MW) hydrolysates had higher chelating activities against Fe 2+ than those lower-MW hydrolysates. [35] In assessing the link between two different antioxidant indexes, we found there was indeed a connection under our experimental conditions. As shown in Table 2 , we found the reducing power had a significant (P < 0.05) negative correlation with the DPPH scavenging activities, a moderate negative correlation with Fe 2+ chelating ability. These results were also in agreement with the previous [23] , who described that a report of higher reducing power did not necessarily suggest a stronger DPPH scavenging ability. It was considered that the reducing power of protein hydrolysates might be associated with the reduced molecular, the number of hydroxyl groups and the amino acid composition. [13] Besides, the inhibiting activity of lipid oxidation had a moderate positive correlation with reducing power, DPPH radical-scavenging activity, and Fe 2+ chelating ability, respectively. That could be because the inhibiting activity of lipid oxidation was the result of multiple antioxidation mechanism. It was reported that the antioxidant ability of protein hydrolysates or peptides was due to the hydrophobic amino acids of the residues, which might increase the presence of the peptides at the water-lipid interface and thereby facilitate access to scavenge hydrophobic radical species or free radicals generated in the lipid phase. [13] However, it is difficult to make a comparison between different studies due to the lack of antioxidant standard and considerable influence by radical concentration and experimental conditions. More investigation needs to be conducted to discuss the antioxidant effect in the complex system and their synergistic effects.
Conclusion
In this study, neutrase-assisted controlled hydrolysis of SPI-Md conjugates led to significant beneficial changes to their characteristics and antioxidant activities. Fluorescence emission spectroscopy analysis indicated that limited proteolysis partially released hydrophobic groups from the inner part of the SPI and help the hydrophobic amino acids such as leucine, isoleucine, phenylalanine expose, as confirmed by the analysis of amino acids composition. FTIR spectroscopy demonstrated that the amide bonds generated by the glycosylation between amino acid residues in the native SPI and carbonyl group in Md were not destroyed after enzymatic hydrolysis. Antioxidant activity assay showed that limit hydrolysates of SPI-Md conjugates exhibited excellent iron-chelation and radicalscavenging activities, whereas glycosylated SPI showed better reducing power and resistance to lipid oxidation. Although more investigation needs to be conducted, this study may provide a reference for further modification of proteins to improve functional properties. 
